Lung cancer is a common cancer in human and has presented significant genetic predisposition. Previous genome-wide association study observed that rs401681 within CLPTM1L (CLPTM1 like) was significantly associated with lung cancer. By analyzing 1000 genomes data for East Asian, we identified only one SNP in nearby region, rs402710, in high linkage disequilibrium with rs401681, which was also associated with lung cancer. However, the real causal SNP and mechanism for the association were still not clear. The following plasmid construction, mutagenesis, transient transfection and luciferase reading indicated that both SNPs could regulate gene expression in lung/bronchial epithelium Beas-2B cell line. By chromosome conformation capture, it was identified that the segment containing these two SNPs could interact with TERT (telomerase reverse transcriptase) promoter, thus indicating that these SNPs confer lung cancer risk by regulating TERT expression instead of CLPTM1L. Through chromatin immunoprecipitation, the transcript factors HNF4A (hepatocyte nuclear factor 4 alpha) and MAF1 (MAF1 homolog, negative regulator of RNA polymerase III) were recognized for the regions spanning rs401681 and rs402710, respectively. Our results uncovered a complete link between these two SNPs and lung cancer.
Introduction
Lung cancer is the most commonly diagnosed cancer and the leading cause of cancer death in the world (1) . The incidence of lung cancer appears to result from a combination of factors, including genetic susceptibility and risk factors in the environment, especially cigarette smoking. To identify the potential genetic contribution of lung cancer, multiple genome-wide association studies (GWAS) have been performed (see GWAS catalog at https://www.ebi.ac.uk/gwas/) and one SNP in 5p15. 33, rs401681 , was observed to be correlated with lung cancer in Caucasian (2) and further verified in other populations, especially Chinese , although with some conflict (20, 24, 25) .
Since rs401681 is located in the intron region of CLPTM1L (CLPTM1 like) and CLPTM1L was supposed to be involved in the development of lung cancer (26) (27) (28) , it was proposed that rs401681 was associated with lung cancer by regulating CLPTM1L expression. However, this issue and the mechanism behind this had never been scrutinized. Moreover, due to the space limit, only a small fraction of representative genetic variants was included in the microarray and genotyped in GWAS studies. Therefore, it was probably that the real causal SNP(s) for lung cancer might be not rs401681, or not only rs401681, but the one(s) in linkage disequilibrium (LD) with it. However, the LD pattern in nearby region and this issue had also never been investigated.
In this study, we focused on East Asian populations and attempted to disclose the real functional variant in 5p15.33 associating with lung cancer and its mechanism. By retrieving the genotype data within this region from 1000 genomes data for multiple East Asian populations and analyzing the LD pattern, one SNP, rs402710, was identified to be in high LD with rs401681. Through luciferase reporter gene assay, we verified that both SNPs could regulate gene expression. The chromosome conformation capture (3C) indicated that they interacted with TERT (telomerase reverse transcriptase) instead of CLPTM1L. By chromatin immunoprecipitation (ChIP) assay, the associated transcript factors were disclosed. Our results constructed the connection between variants in 5p15.33 and lung cancer in East Asian.
Materials and methods

genomes data analyzing
The genotype (PED format) of rs401681 upstream and downstream 500 kb region for three major East Asian populations, CHB (Han Chinese in Beijing), CHS (Southern Han Chinese) and JPT (Japanese in Tokyo), was downloaded from 1000 genomes project website (http://www.internationalgenome.org/) and converted to prettybase format by personal script (available on request). The LD pattern was determined by ldSelect or Genome Variation Server (http://gvs.gs.washington.edu/GVS150/) with r 2 threshold as 0.8.
Reporter gene assay
rs401681 and rs402710 nearby region (~1.5 kb) was amplified from an East Asian blood DNA sample separately by primers in Supplementary  Table S1 , available at Carcinogenesis Online and after KpnI and BglII digest (NEB, Ipswich, MA), cloned into pGL3-promoter vector (Promega, Madison, WI). All PCR was performed by Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific, Grand Island, NY) to prevent artificial mutations. After sequencing, another allele opposite to the original plasmid construct for each SNP was generated by mutagenesis with Q5 Site-Directed Mutagenesis Kit (NEB) and primers in Supplementary Table S1, available at Carcinogenesis Online. All Plasmid DNA was sequenced to exclude any PCR errors and check the orientation of the haplotypes prior to transfection.
Human lung/bronchus epithelial cell line Beas-2B (ATCC #CRL-9609) was obtained from conservation genetics CAS Kunming cell bank (http:// www.kmcellbank.com/) and cultured in Dulbecco's modified Eagle's medium (high glucose, HyClone, Logan, UT) with 10% fetal bovine serum (Biological Industries, Cromwell, CT) in 5% CO 2 at 37°C. The cell line was authenticated and characterized by PCR-STR (short tandem repeat) genotyping, karyotype and isoenzyme approaches to confirm the identity, which was performed by the supplier. Cells (~10 5 ) were seeded into 24-well plate 24 h before transfection. Plasmid constructs (475 ng) were transfected by using Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer's recommendations. Thirty-six hours after transfection, cells were harvested and luciferase activity was read by Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's protocol. Plasmid pRL-TK (25 ng; Promega) was co-transfected as an internal control, and the relative enhancer activity was expressed as the ratio between firefly and Renilla luciferase. Six replicates were performed for each experiment.
Chromosome conformation capture
Interactions of distal genomic DNA regions between enhancer and nearby genes promoter were evaluated by 3C and quantified by real-time quantitative PCR (qPCR) as previously described (29) . Briefly, ~10 8 human Beas-2B cells were cross-linked by formaldehyde (1% final concentration) and lysed, and the chromatin was digested with EcoRI enzyme (NEB). After ligation by T4 DNA ligase (NEB), DNA was recovered by phenol-chloroform approach and quantified by qPCR. Along with the Beas-2B chromatin, a BAC RP11-117B23 containing the enhancer and nearby region was purchased from BACPAC Resources Center (http://bacpac.chori.org/), cultured, isolated by Large-Construct Kit (Qiagen, Valencia, CA) according to the manufacturer's protocol, digested with the same enzyme, ligated as control and quantified. The amount of 3C product was quantified by iQ SYBR green (Bio-Rad, Hercules, CA) with unidirectional primers in Supplementary Table S2, available at Carcinogenesis Online. The relative enrichment for Beas-2B cells was determined by 2 −ΔΔCt , in which ΔΔCt is the threshold cycle difference between BAC and cells. All distal PCR ligation products were confirmed by sequencing. Triplicates were prepared and amplified for each 3C-qPCR.
Chromatin immunoprecipitation
Human lung cancer cell line A549 was obtained from the abovementioned cell bank, characterized by the same approach and cultured in RPMI 1640 medium (HyClone) with 10% fetal bovine serum (Biological Industries) in 5% CO 2 at 37°C. ChIP was carried out in both Beas-2B and A549 cell lines by EZ ChIP Kit (Millipore, Burlington, MA) according to the manufacturer's protocol. Briefly, ~10 7 cells were cross-linked for 20 min with formaldehyde (1% final concentration) followed by addition of glycine for 5 min to end the cross-linking. After washing twice with ice-cold phosphate buffered saline (Solarbio, Beijing, China) containing protease inhibitor cocktail (Sigma, St. Louis, MO), cells were scraped, lysed and sonicated to obtain 200-800 bp fragments. The chromatin solution was diluted 10-fold with dilution buffer and precleared with protein A beads. After centrifuging and transferring the supernatant, 1% sample was stored as input and the remaining protein/chromatin complex was split into two parts with same volume, captured by mouse anti-HNF4A (hepatocyte nuclear factor 4 alpha) or MAF1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and normal mouse IgG (Santa Cruz Biotechnology), respectively, and precipitated by protein A beads. After washing with low salt, high salt, LiCl and TE (twice) buffer, the immunoprecipitated protein/chromatin complex was resuspended in elution buffer and cross-link was reversed. Protein was digested by proteinase K (Roche, Indianapolis, IN), and DNA was recovered. The obtained DNA was quantified by qPCR to assess the enrichment by iQ SYBR green (Bio-Rad) with primers in Supplementary Table S3, available at Carcinogenesis Online.
Statistics
Student's t-test was performed in SPSS 20.0 (IBM, Armonk, NY) to compare the different luciferase expression, and 3C and ChIP enrichment. The null hypothesis was rejected when P <0.05.
Results
Genetic variations nearby rs401681
Within the 1 M region surrounding rs401681, there were 5599, 5598 and 5034 SNPs for CHB, CHS and JPT, respectively. Among these SNPs, only one SNP locating ~1.3 kb away, rs402710, shows strong LD with rs401681 (r 2 = 0.905, 0.917 and 0.934 for CHB, CHS and JPT, respectively; see Supplementary (3, 5, 8, 15, 17, 19, 22, 30) . Previous studies have shown that rs31489, one SNP ~20.6 kb away, was in strong LD with rs401681 in Caucasian (13) . But in East Asian, the LD was relatively low (r 2 = 0.517, 0.435 and 0.240 for CHB, CHS and JPT, respectively).
The function of rs401681 and rs402710
To investigate the role of rs401681 and rs402710 on gene expression regulation, we constructed luciferase plasmids containing the surrounding region of these two SNPs and generated the plasmid with another allele by mutagenesis. To include all the potential cis-regulatory elements, ~1.5 kb segment for each SNP was amplified and cloned separately. As shown in Figure 1 , the T allele of rs401681 and C allele of rs402710 showed ~43.2% (P = 0.013) and ~34.3% (P = 0.027) higher luciferase expression than their opposite allele, respectively, thus indicating that both SNPs were functional and could regulate gene expression in lung tissue.
The gene interacting with the enhancer-containing rs401681 and rs402710
Since rs401681 and rs402710 are locating in the non-coding region and not within the promoter of any known genes, it was reasonable to hypothesize that they were within an enhancer region and could alter enhancer activity. However, its target gene was still actually unknown. To resolve this issue, 3C was utilized to detect the potential target gene. The rationale of 3C is that the enhancer and its target gene promoter are in long-distance but close in space and combined by transcript factor complex. Therefore, after cross-link, digest and ligation, the enhancer is ligated in higher efficiency with its target gene promoter than other genome region, which can be identified by following qPCR. Since most enhancers effected on the nearby genes, we designed primers anchoring three protein-coding genes [SLC6A18 (solute carrier family 6 member 18), TERT and CLPTM1L] in close proximity, this enhancer and several random region (see Supplementary Table S2 , available at Carcinogenesis Online). As shown in Figure 2 , CLPTM1L promoter (corresponding to 1341210 in x-axis, ~19.9 kb away from the enhancer) failed to show any increase in ligation frequency, thus indicating it was not the target of this enhancer, despite of the fact that this enhancer locates within the intron of CLPTM1L. Similar situation was observed for SLC6A18 promoter (1223755 in x-axis). Instead, a strong ligation frequency was detected in TERT promoter region (1299021 in x-axis, ~26.9 kb away from the enhancer). If we used one-sample t-test to roughly compare the ligation frequency between TERT promoter and other regions included in our assay, a significant difference was observed (P < 10 -6 ), thus indicating that TERT is the regulation target of this enhancer.
The related transcript factors binding rs401681 and rs402710
Since rs401681 and rs402710 were within the non-coding region, it was reasonable to hypothesize that they were within transcription factor binding site and could modify transcription factor binding affinity. We used Match at TRANSFAC database (http:// www.gene-regulation.com/cgi-bin/pub/programs/match/bin/ match.cgi) to predict binding sites for potential transcription factors and found that rs401681 and rs402710 resided within canonical HNF4A and MAF1 (MAF1 homolog, negative regulator of RNA polymerase III) or MYOD1 (myogenic differentiation 1) binding sites, respectively. To verify this hypothesis, we performed ChIP with related antibodies and the relative chromatin enrichment was quantified by qPCR. As shown in Figure 3A , the anti-HNF4A immunoprecipitated chromatin samples were significantly enriched for the region surrounding rs401681 compared with IgG (P = 0.031), suggesting that HNF4A could bind this region in Beas-2B. For rs402710 site, the anti-MYOD1 antibody failed to enrich chromatin compared with IgG (P > 0.05, result not shown), whereas anti-MAF1 did (P = 0.0041, Figure 3B ), thus verifying that MAF1 could bind this region in Beas-2B.
To investigate whether these regions had the same transcript factors binding behavior in other cell, we further performed ChIP in A549 cell line. As shown in Supplementary Figure S1 , available at Carcinogenesis Online, the HNF4A and MAF1 antibodies significantly pulled down more chromatin than IgG in the region spanning rs401681 (P = 0.0011) and rs402710 (P = 0.0019), respectively, thus indicating that these two transcript factors could bind related regions in lung.
Discussion
In this study, we utilized population genetics and functional genomics approach to scrutinize the mechanism between rs401681 and lung cancer in East Asian. To archive this goal, the 1000 genomes data were retrieved and the LD pattern was investigated. As a consequence, one SNP, rs402710, was identified as a potential causal SNP. Further luciferase assay and ChIP verified that both of them could regulate gene expression in lung tissue by altering the binding affinity of related transcript factors. By 3C, the target gene, TERT, for this enhancer was disclosed. Our effort established a complete connection between marker rs401681 in GWAS and lung cancer susceptibility for East Asian. We admitted the lack of evidence for the influencing of rs401681 on interaction with TERT promoter. A haplotype-specific ChIP (haploChIP; ChIP based on a heterozygous cell line followed by DNA quantification of two alleles) loop approach (31) would better illuminate this issue.
CLPTM1L is a transmembrane protein associating with apoptosis. Since it could be upregulated in cisplatin-resistant tumor cell lines, this protein was also nominated as CRR9 (cisplatin resistance related gene 9) (26). Moreover, CLPTM1L was observed to be overexpressed in human lung tumors and related cell lines (27, 28) . Considering all these facts and that rs401681 is located in the intron of CLPTM1L, it was suggested that the association between rs401681 and lung cancer was mediated by CLPTM1L expression regulation. This hypothesis was strengthened by the fact that rs401681 was an eQTL (expression quantitative trait loci) for CLPTM1L in adipose tissue (32) , skin and esophagus mucosa (see GETx at https://gtexportal.org/, result not shown). However, our 3C work failed to detect the physical interaction between this enhancer and CLPTM1L promoter region, thus indicating that CLPTM1L was not the target gene for this enhancer, at least in lung.
Instead, our 3C result indicated a significant interaction between this enhancer and TERT promoter. Telomere is a specific repetitive structure at the end of each chromosome and shortens around 20-200 bp in each cell division (33) . Once telomere length was below specific threshold, cell cycle arrest and following apoptosis would be activated (34) . Therefore, maintenance of telomere length, i.e. telomere lengthening after cell division, is an essential step for tumorigenesis and universal characteristic for cancer cells, which is mainly performed by telomerase, a nucleoprotein complex (35) . TERT is a rate-limiting catalytic subunit of telomerase (36) . The expression of this protein is significantly repressed in most somatic cells except someones in self-renewing tissues and cancer (37) . Therefore, TERT has been suggested to be a biomarker for cancer (38) . Moreover, multiple somatic mutations in its promoter that could increase TERT expression had been observed in cancer tissues (39) . Therefore, it was not surprising to observe that rs401681 and rs402710 were associated with lung cancer by regulating TERT expression. This regulation of genotype on TERT expression also explained the association between rs401681 and telomere length in population (11, 13) . Moreover, considering the universal function of TERT in cancer, it could be deduced that carcinogenesis in other organs besides lung might also be associated the genotype of rs401681, which has been reported frequently, especially in pancreas, nasopharynx, basal cell, bladder, prostate, cervix, colorectum and melanocyte (13, 17, 23, (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) .
As abovementioned, higher TERT expression is a universal character for cancer cells (38) . However, C allele of rs401681, the risk allele for lung cancer in previous association studies (2, 13, 30) , could cause a lower expression (see Figure 1 ) and consequently a shorter telomere, which was in contradiction with the proposal that high TERT expression and longer telomere (50) was a risk factor for tumorigenesis. This result was also in conflict with the observation that C of rs401681 was significantly associated with higher TERT expression in esophagus mucosa ( Figure 4A , P = 3.3 × 10 -9 , data from GTEx). In contrast, C allele of rs402710, in LD with C of rs401681 and the risk allele for lung cancer, would cause a higher expression of target gene (see Figure 1 ) and further longer telomere, which was consistent with the proposal (50) and the eQTL data ( Figure 4B , P = 4.1 × 10 -8 ). The discrepancy on rs401681 and eQTL pattern made us hypothesize that rs402710 might play a more dominated role in TERT expression regulation and further onset of lung cancer than rs401681, which required further investigation on the interaction of these two SNPs.
Our work focused on these two SNPs since rs402710 was the only one in LD with rs401681 in East Asian [ Supplementary Table S4 , available at Carcinogenesis Online), thus indicating a much larger tag block and more complicated situation. Therefore, there might be more functional and potential causal SNP(s) in this locus for lung cancer in Caucasian and African, which should be further investigated.
Besides rs401681, some other SNPs in 5p15.33 region were also observed to be significantly correlated with lung cancer, especially rs2736100 within TERT intron (30) . Due to the long distance (~35.6 kb), low LD (r 2 = 0.058, 0.017 and 0.016 in CHB, CEU and YRI, respectively) and the different association pattern among research cohorts (2) between these two loci, we speculated that rs2736100 might confer lung cancer risk by dissimilar and independent mechanism from rs401681, which deserved further scrutinization.
Supplementary material
Supplementary Tables S1-S4 and Figure S1 can be found at Carcinogenesis online. 
